2.5 × 1.8 mm (ref. 9). As STED is a scanning technique, increasing the field of view decreases the frame rate. SSIM is not limited in this way because it is a wide-field technique; however, SSIM also requires a specialized microscope and can be prone to deconvolution artifacts 4 , and biological high-resolution images obtained using SSIM have not yet been published. Non-saturated structured illumination (SIM) has been carried out at frame rates up to 11 Hz in live cells 11 but can provide around 100 nm resolution at most.
2.5 × 1.8 mm (ref. 9 ). As STED is a scanning technique, increasing the field of view decreases the frame rate. SSIM is not limited in this way because it is a wide-field technique; however, SSIM also requires a specialized microscope and can be prone to deconvolution artifacts 4 , and biological high-resolution images obtained using SSIM have not yet been published. Non-saturated structured illumination (SIM) has been carried out at frame rates up to 11 Hz in live cells 11 but can provide around 100 nm resolution at most.
Current localization techniques require images in which the fluorescence emission from individual fluorophores does not overlap. This limits the number of fluorophores that can be localized in a given frame and thus the timescale at which useful images of complex structures can be acquired. Achieving the nonoverlapping fluorophore emission necessary for conventional localization microscopy analysis requires switching a large fraction of probes into a non-emitting state. This is done either by activating small populations of fluorophores (usually using near-UV light) while imaging with longer wavelengths 5, 6, 12 or by keeping a large fraction of the probes in a non-emitting state using relatively highintensity illumination (kW cm -2 ) at a single imaging wavelength under suitable chemical conditions 13, 14 . These wavelengths and intensities have been shown to damage live samples 15 . Current localization techniques have, however, allowed localization-based imaging of simple structures in live cells at a temporal resolution of 10 s without near-UV activation light 7 and at a temporal resolution of 0.5 s with near-UV activation light 10 .
Another method that uses fluorescence blinking to boost the achievable resolution is called super-resolution optical fluctuation imaging (SOFI) and has been shown to improve images of samples labeled with quantum dots and organic dyes 16, 17 . This method assumes that the blinking of neighboring fluorophores is uncorrelated and uses the temporal correlation between pixels of the image to sharpen the effective point-spread function. Analyzing 1,000-frame datasets of biological samples leads to a 1.4-to 2-fold improvement in resolution 17 . There are two other image analysis methods that are able to deal with relatively dense localization data: DAOSTORM 18 and simultaneous multiple emitter fitting 19 . These methods can analyze localization
We describe a localization microscopy analysis method that is able to extract results in live cells using standard fluorescent proteins and xenon arc lamp illumination. Our Bayesian analysis of the blinking and bleaching (3B analysis) method models the entire dataset simultaneously as being generated by a number of fluorophores that may or may not be emitting light at any given time. The resulting technique allows many overlapping fluorophores in each frame and unifies the analysis of the localization from blinking and bleaching events. By modeling the entire dataset, we were able to use each reappearance of a fluorophore to improve the localization accuracy. The high performance of this technique allowed us to reveal the nanoscale dynamics of podosome formation and dissociation throughout an entire cell with a resolution of 50 nm on a 4-s timescale.
High-resolution optical microscopy methods have pushed the resolution of a microscope system beyond the Abbe limit by using a nonlinear sample response to illumination light 1 . This result is often achieved by switching fluorophores between a dark and a bright state 2 . Stimulated emission depletion (STED) can be used to shrink the effective size of the scanning beam in a confocal system 3 ; saturated structured illumination (SSIM) can extract information hidden in the moiré patterns produced when a grating is projected onto the sample 4 ; and localization microscopy techniques, such as photoactivatable localization microscopy (PALM) 5 and stochastic optical reconstruction microscopy (STORM) 6 , build a high-resolution image from the localized positions of many single fluorophores. The application of these techniques to live-cell imaging promises dynamic information on complex protein structures with nanoscale resolution [7] [8] [9] [10] . The ideal microscopy technique would be experimentally simple and fast and would have the property that switching between fluorophore states would not damage the sample. However, several factors still limit the utility of high-resolution microscopy techniques for live-cell imaging applications.
STED requires a specialized microscope and a complex alignment procedure. On live cells, STED has achieved 28 frames per second at 62-nm resolution with low photon numbers over a field of view of position. This 3B analysis method allowed us to perform localization microscopy with a spatial resolution of 50 nm and a temporal resolution of 4 s on podosomes in living cells expressing a monomeric (m)Cherry fusion of a truncated talin construct. Resolution here is defined as the smallest distance at which two talin strands can be separated, and the localization is defined as the apparent full width at half maximum (FWHM) of a strand of talin. We found that podosomes frequently have a polygonal structure and are highly dynamic over a timescale of tens of seconds.
resulTs
Standard fluorescent proteins have been shown to blink and bleach in a live-cell environment, even under illumination from standard non-laser light sources. We developed the 3B analysis method to model an entire dataset consisting of a sequence of high-frame-rate images generated from large numbers of fluorescent proteins or other fluorophores undergoing blinking and bleaching processes. We modeled the entire dataset using a factorial hidden Markov model 23 . In this Bayesian technique, the state of a system at a certain time point is determined by both a transition matrix and the state of the system at the previous time point. The state of the system is statistically linked to the measured data (the link is not direct, as the measurement process itself is subject to noise). To render the calculation both accurate enough for optimization and algorithmically tractable, we hybridized two hidden Markov model inference methods: the forward algorithm 24 and Markov chain Monte Carlo sampling (MCMC) (Online Methods). We calculated many statistical samples of the model parameters, used these samples to generate fluorophore positions and built a probability map of the positions of the fluorophores taken from these samples. Each calculation of a particular set of model parameters used samples of the state taken using MCMC and generated a set of fluorophore positions using a maximum a posteriori (MAP) calculation.
If there were multiple models that fitted the data well, then it was very likely that we had samples of both models. At the end, we marginalized out the fluorophore state to give a distribution of fluorophore positions. Using this method, any ambiguity will cause the final model to be blurred out, making it unlikely that one would report falsely high resolution where there is actually ambiguity (where resolution is defined as the ability to image two fluorophores or line structures as separate). Although there exists only one model that corresponds to the real world, given the data, it is not possible to decide which one this model is, and averaging a multitude of models that are close to being correct seems to be an effective way of representing the underlying structure. A subtle yet key point is that this analysis is integrating over the parameters (both state sequences and microscopy data that contain some overlapping fluorophores in each image, but they do not use the reappearance of fluorophores to improve localization.
Podosomes are cytoskeletal structures associated with cell adhesion, migration and degradation of the extracellular matrix 20, 21 . They consist of an actin core surrounded by a ring of integrinassociated proteins such as talin and vinculin. This ring was thought to be roughly round, and the podosomes were thought to form and dissociate over a period of about 5-10 min. In wide-field images, the process of formation and dissociation appears as a fading out of the structure 22 , although we have also seen instances where the podosome appears to slowly unwind.
Here we present a Bayesian localization microscopy method that allows localization data to be extracted from wide-field images of live cells labeled with a standard fluorescent protein. Our method allows the use of data from overlapping fluorophores as well as the use of information from bleaching events, blinking events and changes caused by fluorophores being added or removed in the cell. We carried out high-frame-rate imaging on a standard wide-field microscope with xenon arc lamp illumination. We used a Bayesian technique to model the resulting high-density fluorophore image data as arising from a number of fluorophores, each of which can emit light but which do not necessarily emit light in every frame. By modeling the whole dataset as arising from a number of fluorophores, we were able to use all of the fluorophore reappearances, even those in non-adjacent frames, and thus use all the photons collected from a fluorophore to improve our determination of its Density (AU) Green arrows indicate regions with differences in apparent structure that arise from labeling differences. Linescans corresponding to lines i-iii are shown in g-i, respectively, with the 3B analysis data shown in blue, PALM data shown in pink, the 3B analysis PALM data shown in green and the wide-field data shown in black. Scale bars, 1 mm. AU, arbitrary units.
196 | VOL.9 NO.2 | FEBRUARY 2012 | naTure meThOds arTicles npg all continuous parameters; see Supplementary Note). The output is not a single model; rather, the output is an ensemble of models for different samplings of the state sequences. For each model in the ensemble, the optimized positions of the fluorophores are shown, but these positions are also integrated out when making the determinations of the number of fluorophores in the image. So the outcome of the analysis does not include a specific state sequence; the outcome has integrated over a sampling of different possible state sequences.
correlative results
To verify that the 3B analysis produces a result that reflects the underlying structure when used on experimental (rather than simulated) data, we performed correlative experiments. We chose to label tubulin because the network of tubulin strands gives rise to strands crossing at many different distances and angles, which allows the resolution to be assessed by determining when the strands can be distinguished. We labeled tubulin with PA-GFP for PALM imaging and with mCherry for Bayesian localization imaging using a 3B analysis (Fig. 1) . The wide-field images we created by averaging the frames in the two datasets ( Fig. 1a,b ) showed that not all features visible in one dataset are visible in another, as the incorporation efficiencies of mCherry and PA-GFP into the microtubule vary. The incorporation of these proteins into the microtubule was low, so some areas had more mCherry-tubulin and other areas had more PA-GFP-tubulin. Some areas that showed a particularly clear discrepancy between the labeled areas even in the wide-field microscopy images are indicated with green arrows (Fig. 1a-f) .
Using a 3B analysis, we created a probability map by building up many MAP positions obtained from different samplings of state sequences (Fig. 1d) . As a result of the high amount of fluorophore overlap in all the frames, this mCherry data was not analyzable using standard localization microscopy analysis techniques. With the exception of the labeling discrepancies noted above, the 3B analysis results (Fig. 1d) were in good agreement with the PALM data ( Fig. 1c) ,with features separated by distances as small as 100 nm being visible in both datasets; and when features were present in both datasets, they agreed to a high resolution, as shown in the overlay of the PALM and 3B analysis images (Fig. 1f) . Additionally, applying the 3B analysis to the PALM dataset yielded a very similar structure as the original PALM analysis (Fig. 1e) .
experiments on fixed podosomes
We immunolabeled vinculin in fixed podosome samples with Alexa 488 and mounted the samples in PBS (pH 7.25) with 100 mM 2mercaptoethanol that we added as a reducing agent to induce blinking 14 (Supplementary Fig. 1) . We illuminated the sample using a laser at 488 nm with a nominal power of 1kW cm -2 . We collected a series of 300 images, with collection taking a total of 6 s. A video of the raw data is shown as Supplementary Video 1. It is notable that there were many overlapping emitting fluorophores in the majority of the frames. This prevented us from using the standard thresholding and fitting-image analysis techniques normally used to reconstruct PALM or STORM images. A typical wide-field image obtained by averaging all 300 images is shown as the background in Figure 2a . An example of the MAP positions created from one sampling of the 3B analysis is shown in red in Figure 2a (many MAP positions were combined to create the final probability map, shown in Fig. 2b) .
The apparent thickness of the vinculin strands varied between 6 nm and 60 nm, with the variation probably arising from variation in the number of fluorophore reappearances in different areas, the number of photons detected in one appearance and variations in the distribution of vinculin. The structure of the podosome was geometrical, which is in agreement with recent high-resolution microscopy observations obtained using STED and SIM (at a resolution of approximately 120 nm) (M. Walde, J.M., G.E.J., R.H., S.C., unpublished data). The higher resolution revealed a small structure joining the two podosomes.
We applied the 3B analysis to an entire cell ( Fig. 2c-g) . This application revealed a small number of podosomes with a diameter of less than 300 nm, well below the standard diameter of around 500 nm ( Fig. 2e) , which only appeared as a blob of brightness in the widefield image. As in SIM and STED studies of podosomes (M. Walde, J.M., G.E.J., R.H., S.C., unpublished data), vinculin strands tended to bind at angles of 120-130° (Supplementary Fig. 2 ).
experiments on podosomes in living cells
We generated cells from the human acute monocytic leukemia cell line THP1 that stably expressed an mCherry-tagged, truncated talin construct (amino acids 1,974-2,541) using lentiviral gene transduction. The resulting talin mutant comprised the second integrin binding domain of talin and has previously been shown to be an excellent marker of podosome rings in living cells 25 . We illuminated live samples (maintained at 37 °C) with a mercury arc lamp supplying a nominal power (measured before the objective) of 12 W cm -2 to the sample in the wavelength range of 615-687 nm and acquired a series of 5,000 images at 50 frames per second. An example of the data obtained from this experiment is shown as Supplementary naTure meThOds | VOL.9 NO.2 | FEBRUARY 2012 | 197 arTicles npg by distances larger than the resolution of the system on timescales smaller than the acquisition time for a single reconstructed high-resolution image. We chose podosomes as a suitable test system for our imaging analyses, as they form and dissociate over a period of several minutes, and most podosomes do not appear to move around the cell during this time (if podosome movement is observed, it is generally restricted to a few hundred nm). We observed podosomes undergoing assembly and two different modes of breakdown. In the first mode of podosome breakdown, the podosome shows a small break, and then one end of the break gradually retracts, producing an 'unwinding' effect ( Fig. 3a) . This retraction seems to be associated with the formation of small (250 nm in diameter) struts in the region of the cell where the podosome is being dissociated. In the second mode of podosome dissociation, struts (approximately 450 nm in length) repeatedly form Video 2. We applied the 3B analysis to sequences of 200 frames, which corresponds to an acquisition time of 4 s. In Figure 3 , data are shown for selected time points from the reconstructed image sequence. The complete reconstructed datasets are shown in Supplementary Videos 3-6 , with the timeshift between video frames being either 50 frames or 0.5 s (though the temporal resolution is still 4 s in these videos).
We determined the localization precision from the FWHM of a linescan that was perpendicular to a talin strand to be as good as 18 nm. We defined the resolution as the distance at which two talin strands could be visually separated, as measured by a linescan. We determined the resolution here to be 50 nm (Supplementary Fig. 3) .
Movement of the fluorophores will cause an analysis to produce an image that is smeared in the direction of the movement. This effect limits the resolution that is achievable if structures are moving 198 | VOL.9 NO.2 | FEBRUARY 2012 | naTure meThOds arTicles npg neighbor fluorophores was 112 nm, which is considerably smaller than the point spread function FWHM (270 nm), leading to a large amount of fluorophore overlap in simulated the frames (Fig. 6g,h) .
The simulations showed that the 3B analysis method achieves 50-nm resolution at an intersection of two strands (Figs. 6i,j) . This method produced the correct structure but did not pick up every fluorophore. We observed artificial thinning and thickening of the structures in different areas, but the magnitude of all of these effects was less than 20 nm. In all instances, the intensity between close spots was somewhat enhanced, making the spots appear more 'connected' than they were in the PALM data. This enhanced intensity suppressed the resolution along a line of fluorophores compared to the resolution perpendicular to a line of fluorophores. We quantified the resolution perpendicular to lines of fluorophores in all our experiments.
discussiOn
The 3B analysis method removes a number of barriers to getting the good localization information that can be obtained using other approaches. The experiments for 3B analysis are easy to implement: live cell experiments use fluorescent proteins, a wide-field microscope and arc lamp illumination, which are all standard in most cell biology labs. With this equipment, it is possible to achieve a 50-nm resolution with data from only a few seconds of acquisition, and it is possible to image for extended time periods. The software that we used to perform the analysis here is provided in the Supplementary across the podosome, drawing the talin in to a central point until it has been removed (Fig. 3b) . We also observed podosome formation in which the strut seemed to have a crucial function, with the podosome nucleating from a strut and then expanding on either side of it (Fig. 3c) . Once the podosome had formed and the strut had served its purpose, it appeared to be broken down. Some podosomes showed no apparent changes in the wide-field image and were relatively stable at the nanoscale (Fig. 3d) .
We also observed more complex structures composed of a number of joined podosomes and struts. Imaging of a motile cell revealed highly dynamic behavior of these complex structures, with podosome structures changing on a timescale of tens of seconds. Figure 4 depicts one example of such behavior, where two groups of podosomes become joined after each group extends a strut. Where the two struts join, a miniature podosome-like structure forms, and the two groups of podosomes are pulled closer together. We saw similar behavior across the whole cell (Supplementary Video 7) .
To determine whether the truncated talin construct that we used for our live-cell imaging experiments is representative of the structure of the podosome protein ring, we performed two-color measurements in fixed cells. We fixed cells expressing the mCherrytagged truncated talin construct, and we immunolabeled vinculin with Alexa 488-tagged secondary antibody. We used the same embedding conditions that we used for the other fixed-cell experiments. The truncated talin construct and the vinculin had similar distributions (Fig. 5) . The vinculin image was localized slightly more to the periphery of the ring, and the talin was more localized to the center, whereas the short strands at the edge of the ring were more visible in the vinculin. This hints that the localization of different proteins in the ring are subtly different and shows that the 3B analysis method can be used to build a map of the spatial organization of different podosome components.
simulations
To further validate the Bayesian localization imaging results from our 3B analysis method, we analyzed simulated datasets. Bayesian fitting methods use wide priors over a large number of parameters to fit real-world data, which tend to have narrow, unknown distributions over these parameters. Simulations created using the fitting distributions may not provide good results, so we created simulated datasets by using blinking sequences and fluorophore positions from the PALM correlative data. We created each simulated frame using the fluorophore positions from 16 PALM frames (Fig. 6) . The average separation of two nearest- The computational effort of our method is linear with respect to the number of fluorophores multiplied by the number of pixels. For a cell such as that shown in Figure 2 , we modeled the data as arising from 10,000 fluorophores, and we used 200 sets of MCMC samples to build the probability map.
To analyze a region of around 1.5 × 1.5 mm in size, processing on a single core i7 (3.33 GHz) for 6 h is required. Larger areas can be analyzed, but the time required for these analyses scales with the area of the region. To analyze large areas, the analysis is broken down into a number of small areas. To analyze large images or video data, a cluster computer is required.
Our method has a natural mechanism for trading off temporal and spatial resolution: analyzing more frames simultaneously raises the spatial resolution but lowers the temporal resolution. Comparing our method to SOFI, both methods can deal with images that have overlapping fluorophores, but SOFI requires more data and delivers a more limited resolution improvement than the 3B analysis. In the 3B analysis, it is possible to artificially sharpen structures by including models with fewer fluorophores than the data, but in simulations, we found these effects to be considerably below the resolution limit.
Rather than revealing an improved resolution picture of an apparently smooth process in podosomes, achieving high resolution revealed an entirely new level of complexity. Podosomes were previously thought to smoothly form and dissociate over a period of several minutes 22 . However, our results indicate that podosomes are highly dynamic structures. It appears that smaller ring-type structures down to 230 nm play a crucial part in podosome dynamics. Rather than strands simply being parts of partially grown podosomes, our results indicate that these structures may have a role in seeding new areas of podosomes. In another form, as struts spanning across a podosome, they appear to be associated with podosome formation and dissociation.
Our use of standard fluorescent proteins opens the techniques of high spatial and temporal resolution microscopy to a whole new range of samples. Many of these samples, like podosomes, may be complex all the way down to the nanoscale.
meThOds
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/.
Note: Supplementary information is available on the Nature Methods website.
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